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ABSTRACT 
The use of the tensi-volumetric apparatus to study the 
non-stoichiometric behavior of strontium titanate was discussed. 
Oxidation kinetics of reduced single crystal strontium titanate 
were measured with an ultrasensitive capacitance manometer as the 
sample absorbed oxygen in response to a changing oxygen activity. 
The oxidation kinetics were found to fit a solution to Fick's 
second law for rectangularly shaped samples. The temperature 
dependence of the oxygen chemical diffusion coefficient obtained 
from a least squares analysis of the oxidation data was found to be 
-D 
0. 04 ( - 14.9 0.05 ± 0 _02 exp 
2 ± 1.3 kcal/mole)cm 
RT sec 
0 0 in the temperature range of 700 to 975 C at an oxygen pressure of 
20 mmHg. 
The procedure selected for measurement of the oxidation 
kinetics, and the method of obtaining diffusion coefficients from 
the oxidation data was discussed along with potential sources of 
error of the system. 
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A. Research Objectives 
Many of the important electrical and mass transport properties 
of oxides are dependent upon the relative mobilities and 
concentrations of electrons (or holes) and vacancies (either cation 
or anion). 
The purpose of this study was to determine oxygen chemical 
diffusion coefficients and majority defect concentrations in single 
crystal strontium titanate. This was accomplished by measuring 
the oxidation of reduced strontium titanate. 
Strontium titanate is a non-stoichiometric compound in that 
the composition of the compound varies as it equilibrates with the 
surrounding environment. The number of degrees of freedom can be 
determined by the Gibbs' phase rule, P + F = C + 2, where the 
number of components, C, was three, the number of phases in 
equilibrium, P, was two. Therefore, three degrees of freedom, F, 
were needed to thermodynamically define the compound. The three 
degrees of freedom defined in this study were the sample temperature, 
the oxygen pressure over the sample, and a constant strontium to 
titanium ratio. The fixed atomic ratio is made on the assumption 
that the partial pressures of the two metals are sufficiently 
small in the gas phase over the sample. 
The predominate defect in non-stoichiometric strontium 
titanate is doubly ionized oxygen vacancies [1,2,3,4]. In order 
1 
to establish a uniform concentration of oxygen vacancies the 
sample was allowed to equilibrate in a reducing environment. 
After equilibration a new oxygen partial pressure was rapidly 
established over the sample. A capacitance manometer was employed 
to monitor pressure changes corresponding to changing oxygen 
vacancy concentrations as the sample equilibrated at the new 
oxygen activity. In the data treatment it was assumed that oxygen 
activity may be replaced with oxygen partial pressure and that the 
exchan9e is a diffusion controlled process, where electrons are 
the fast moving species. 
Diffusion coefficients calculated from the measurement of 
oxidation kinetics using the tensi-volumetric technique were 
compared with previously obtained results from thermogravimetric 
and electrical conductivity measurements. 
B. Review of Strontium Titanate Literature 
Paladino, Rubin, and Waugh [5] determined oxygen ion 
self-diffusion coefficients for single crystal strontium titanate 
0 0 in the temperature range of 825 to 1525 C, by measuring the rate 
of oxygen-18 depletion from an enriched oxygen atmosphere. Oxygen 
diffusion rates were found to be independent of oxygen pressure 
between 15 and 570 mmHg, but dependent upon prior heat treatment 
and dislocation density. The temperature dependence of the 
self-diffusion coefficient for annealed crystals from 850° to 
1350°C could be 
(-26.1 ± 5.0 
exp RT 
-6 




Paladino [1] also determined oxidation kinetics for single 
crystal strontium titanate employing an automatic recording 
thermobalance to measure the weight gain of reduced crystals. 
Two types of experiments were used to collect oxidation data. 
In the first method, the sample was held at a constant temperature 
(1500°C), and the weight gain was measured as the atmosphere 
surrounding the reduced sample was changed from CO to o2 . The 
procedure for the second method was to reduce the sample in CO at 
0 1500 C, decrease the sample temperature to some predetermined 
point, and then oxidize the sample. Weight gain data as a 
function of temperature was identical for both methods, and the 
0 total weight gain at each temperature below 1500 C, was identical 
to the weight loss at 1500°C. The oxygen ion vacancy diffusion 
0 
coefficient obtained by Paladino in the temperature range 850 to 
2 
1460oc was D = 0 33 (-22.5 ± 5.0 kcal/mole)cm . 
· exp RT sec 
Walters and Grace [2] measured the electrical conductivity 
and thermoelectric power of single crystal strontium titanate in 
equilibrium with damp hydrogen gas. The experiments were carried 
0 0 -20 
out from 900 to 1300 C, and oxygen partial pressures from 10 
-8 to 10 mmHg. Thermoelectric measurements showed the strontium 
titanate cyrstals to be n-type, and electrical conductivity had a 
-1/6 power oxygen pressure dependence. 
They interpreted these results in terms of an oxygen vacancy 
defect model, where the enthalpy of formation of a doubly ionized 
oxygen vacancy and two conduction band electrons was 86.3 ± 3.0 
kcal/mole. 
3 
Walters and Grace [6] also determined the diffusion coefficient 
of oxygen vacancies for single crystal strontium titanate by 
measuring the kinetics of change in conductivity when the 
equilibrium was disturbed by changing the ambient oxygen partial 
pressure. The kinetics were measured over the temperature range of 
0 0 -20 -8 900 to 1200 C at oxygen partial pressures from 10 to 10 mmHg. 
The enthalpy of motion for oxygen vacancies was found to be 6.0 
kcal/mole. 
Rhodes and Kingery [7] measured cation self-diffusion in 
single crystal strontium titanate. They, like others [5,8], 
observed enhanced diffusivities along dislocation pipes. They 
found that both the strontium and titanium diffusion coefficients 
were several orders of magnitude lower than those for oxygen 
self-diffusion. 
In a recent study, Yamada and Miller [3] determined optical 
absorption coefficients, Hall coefficients, mass densities, and 
lattice parameters for reduced strontium titanate single crystals. 
To make these measurements the crystals were heated from 1200° to 
0 -9 -4 1400 C in oxygen partial pressures of 10 to 10 mmHg, and then 
quenched to room temperature. All of their measurements were 
made at room temperature and lower. 
Their results indicate that the free-electron densities had 
a -1/6 power oxygen partial pressure dependence, which suggests 
that the predominant high temperature defect was a doubly ionized 
oxygen vacancy with two conduction band electrons. Thus it 
appears to be possible to maintain the high temperature defect at 
4 
5 
room temperature by rapidly quenching the crystal. Assuming this 
to be the case, the average energy of formation was calculated to 
be 5.76 ± 2.0 eV. 
Yamada and Miller also noted that an error had been made in 
an earlier paper by Walters and Grace [6], in obtaining the enthalpy 
of formation of an oxygen vacancy with two conduction band electrons. 
Walters and Grace performed electrical conductivity measurements at 
elevated temperatures, controlling oxygen partial pressure with 
water-hydrogen mixtures, but did not include the enthalpy of 
formation of water vapor when calculating the enthalpy of formation 
of the oxygen vacancy defect. Correcting this error, the reported 
enthalpy of formation for the defect should have been 6.22 eV, 
which is close to the results obtained by Yamada and Miller. 
Blanc and Staebler [4] investigated the phenomenon of 
electrocoloration in transition metal doped strontium titanate. 
The predominate defect in the acceptor doped single crystals was 
doubly ionized oxygen vacancies, and electrical transport was via 
motion of oxygen vacancies. The vacancy mobility was found to be 
-7 2 0 -8 2 
about 5.5 x 10 em /V-sec at 300 C and 1.5 x 10 em /V-sec at 
Summarizing, strontium titanate has been shown to be an oxygen 
deficient compound with the predominate defect being doubly ionized 
oxygen vacancies and two conduction band electrons [1,2,3,4]. The 
oxygen self-diffusion coefficient is surface and bulk defect 
dependent, but, in general, it is several orders of magnitude higher 




1. Description of System Components 
The tensi-volumetric apparatus used in this study is 
similar to that described by Conger [9], Schwarz, Conger, 
and Anderson [10], Turcotte, Chikalla, and Eyring [11,12], 
Meurer [13], Greskovich and Schmalzried [14]. 
The apparatus, as shown in Figure 1, consists of two 
symmetric chambers each connected to one leg of a differential 
capacitance manometer. The chambers are vacuum-tight, with 
valving provided for interconnection. The strontium titanate 
sample is placed in one chamber while the other is left empty 
as a reference. An atmosphere of known oxygen pressure is 
admitted to both sides of the system and allowed to equilibrate 
with the sample, The oxygen atmosphere in the system is then 
rapidly changed, and the chambers are separated. The 
attainment of a new equilibrium with the sample is followed 
with the capacitance manometer by monitoring the pressure 
change caused by an oxygen loss or uptake in the sample side 
of the system relative to the reference side. 
The apparatus employing a differential capacitance 
manometer as a pressure sensing element, consists of the 
following components. S and S are 2.5 em diameter, 30 em S R 















Figure 1. Schematic of the Tensi-Volumetric Apparatus. 
reference tube respectively. The two tubes are heated by a 
three zone, Kanthal wound furnace to a maximum temperature 
of l000°C. Each zone is individually controlled to ± 3°C 
with Powerstat variable transformers in conjunction with a 
West "Gardsman", on-off, Type J controller. 
The two fused silica tubes are connected to water cooled 
Varian "Conflat" flanges by graded glass-to-metal seals. The 
water cooling plates (P), the transite radiation shield (R), 
and stainless steel radiation shields located inside the 
fused silica tubes helped to thermally isolate the measuring 
system from the furnace. 
I The differential capacitance manometer (G ) and the rest 
of the measuring system is enclosed in an insulated aluminum 
box. A Haake Model FS constant temperature circulator is 
employed to maintain the box at a constant temperature of 
380 0 ± 0.005 c. 
The differential capacitance manometer (G1 ) which has a 
-4 
range of 10 to 1.0 mmHg, is connected to both the sample and 
reference sides of the system. The manometer consists of a 
MKS Baratron type 94H-1E sensor head, a type 1090-1 temperature 
control unit with heater covers for the sensor head, a type 
170M-7 capacitance bridge, and a type 170M-26 digital readout 
unit reading directly in millimeters of mercury . The type 
1090-1 temperature control unit maintains the head at 
0 49 ± 0.1 c. 
A second capacitance manometer (G11 ) which is connected 
8 
to the sample side of the system, is used to determine the 
absolute pressure over the sample. This manometer is of a 
MKS Baratron type 145H-1000 sensor head which has a range of 
0.1 to 1000 mmHg. Both manometers are connected to a MKS type 
170M-36 head selector unit, which interfaces the manometers 
to the type 170M-26 digital readout unit. The head selector 
unit also provides a power supply to heat the type 145H-1000 
manometer. 
A Heath strip chart recorder model EU-205-11 was connected 
to the output of both manometers. The minimum pressure change 
-5 detectable on the chart was 5.0 x 10 mmHg. 
"Holding" volumes v5 and VR of approximately 850 cc each 
were included to provide the long term stability of the system. 
These volumes were chosen so that the summation of all 
systematic leaks would not cause significant changes in 
pressure over an eight hour period. 
The rest of the apparatus is composed of type 316 
stainless steel tubing; Nupro type 4BK bellows valves A, B, 
and C; Nupro type 4BKT toggle bellows valve T; and Veeco 
forged brass valves L, M, and N. Valves A, C, and T are used 
to admit gas, and valve B is used to interconnect the two sides 
of the system. Valves L, M, and N connect the apparatus to a 
vacuum system, which consists of a Welch "DuO-Seal" model 1400 
mechanical pump in conjunction with a two inch three stage oil 
diffusion pump, which can evacuate the apparatus to about 
9 
10 
- 6 10 mmHg. A water cooled baffle was utilized to guard 
against backstreaming of the pump oil. Pressure measurements 
were made with a hot filament ion tube in conjunction with a 
Norton NCR 831 ionization gauge. 
2. Experimental Procedure 
a. Making Exchanges with the Sample 
The procedure adopted for measuring the oxygen exchange 
by strontium titanate is a variation of that used by Conger 
[9]. In Conger's method the sample (barium titanate powder) 
was first equilibrated at one oxygen pressure, then the 
pressure was quickly reduced to a new value which was about 
ten percent of the original. The evolution of oxygen by the 
sample as it reestablished equilibrium was then monitored by 
the differential manometer. 
As was noted in Conger's thesis [9] and a subsequent 
publication [10] , attempts to apply this technique to the 
determination of oxygen vacancy diffusion coefficients of 
0.1 ~m crystallite-size barium titanate and strontium titanate 
were not successful. Even though the kinetics appeared to be 
diffusion limited, they do not correlate well with the 
appropriate solution to Fick's second law. Evidently the 
exchange was not entirely diffusion limited. This is not 
surprising, since due to the small particle size, the exchange 
can be expected to be dependent upon a surface exchange 
reaction as well as upon diffusion. In order to minimize 
the surface exchange reaction, the sample was changed from 
a powder to a single crystal. The resulting decrease in 
sample surface area decreased the exchange rate, however, 
the oxygen exchange observed by Conger's method was so 
small that the exchange kinetics were not reproducible. 
Using Conger's method of exchange, the minimum measurable 
sample induced pressure change was calculated to be 3 x 10-4 
mmHg. This results in a change in oxygen vacancy concentration 
( A [V""] ) f 4 7 1015 D Q 0 • X • From an extrapolation of the data of 
0 Yamada and Miller [3] , a sample temperature of at least 1000 C 
is needed to obtain an oxygen vacancy concentration in this 
range. 
Thus the sensitivity limit obtained using Conger's method 
requires that the sample be maintained at temperatures 
exceeding 1000°C which is beyond the capability of the present 
apparatus. Therefore, a different, but less sensitive 
procedure was developed. To obtain a larger oxygen exchange, 
the crystal was initially reduced by equilibrating in CO or 
forming gas (8% H2 in N2). The reducing gas was then replaced 
by oxygen and the oxygen uptake by the crystal as it oxidized 
was measured. Thus data only for oxidation were obtained. 
With the aid of Figure 1, the procedure which was used is 
described as follows: 
1) With valves L, M, N, and B .open, the pressure in the 
system was reduced to less than 0.1 mmHg by the 
11 
12 
mechanical pump. After closing valve N, dried CO or 
forming gas was admitted into the system through 
valve T, until the pressure in the system was 
approximately 600 rnrnHg. All gases entering the 
system were dried by passing through a gas train 
consisting of "Drierite" and activated alumina 
filled tubes. Valves L and M were then closed, and 
the sample was allowed to equilibrate with the 
reducing gas. 
2) After equilibration was complete, valves L, M, and 
N were opened and the pressure in the system was 
decreased to approximately 0.1 rnmHg. A pumping time 
of three minutes was needed to evacuate the system 
to this pressure. 
3) Valve N was closed, followed by the admission of 
oxygen into the system through valve T, until the 
pressure in the system reached about 20 mrnHg. 
Following this step, valves L and M were quickly 
closed and the initial oxygen pressure over the 
sample was measured with the absolute head G11 . 
4) The selector switch was turned to connect the 
I differential head G to the digital readout unit. 
Valve B was then closed. The strip chart recorder 
and the digital readout unit monitored the oxygen 
uptake by the sample, (~Pt), as it oxidized from 
its reduced condition to the new equilibrium state. 
5) After equilibration was complete, the final oxygen 
pressure over the sample was measured using the 
II 
absolute head G . 
The data required to obtain the diffusion coefficient 
were the induced pressure change, (~Pt), and the time of 
oxidation (t) . The use of these data to calculate the 
diffusion coefficient is shown in section III. 
b. Making Exchanges without the Sample 
The factors influencing the selection of the final 
procedures listed above are the direct result of experiments 
performed with no sample in the apparatus. The prime 
consideration was to insure that no asymmetrical behavior 
occurred in either the sample or reference sides of the 
system, which might cause adverse differential pressure 
effects. 
Asymmetrical pumping on one side of the system was found 
to be a source of erratic differential pressure readings. 
This factor was eliminated by assuring that both sides of the 
system were interconnected (valve B open) when any pumping of 
the system was necessary. 
The results of the blank experiments indicated that the 
magnitude of the adverse differential pressure readings 
reduced as the equilibration times were increased. 
Equilibration times ranging from 12 to 24 hours, corresponding 
13 
14 
to high temperature isothermal exchanges (850°-975°C) and low 
h ( 0 0) . d temperature exc anges 600 -800 C respect1vely, were foun 
to yield differential pressure readings which would not 
interfere with diffusion coefficient calculations. In general 
the pressure change occurring with no sample present amounted 
to about 20% of that with the sample. As will be discussed 
later, the interaction between the gas and the system does 
not interfere with the diffusion coefficient calculations as 
long as the duration of interaction is less than the time of 
sample oxidation. The minimum oxidation time was about 60 
minutes (975°C) , whereas the gas-system interaction terminated 
in about 15 minutes, therefore, under the experimental 
conditions adopted this criteria was met. 
B. Sample Preparation and Characterization 
The single crystal strontium titanate used in this study was 
obtained from the National Lead Company. A spectroscopic analysis 
of impurity contents is listed in Table I. The orientation of the 
cubic verneuil grown crystal was determined by Laue back reflection . 
The crystal normal was found to deviate from the [100] direction by 
0 0 27.5 , from the [110] direction by 21 , and from the [111] 
direction by 31.5°. From these results the growth direction was 
calculated to be 2.5° from the [136] direction . 
In order that a diff us i on coefficient may be determined, the 
geometry of the c rystal had to be de f ined. Thi s was done by 
Table I 
Typical Spectroscopic Analysis of Impurity Contents 
for Single Crystal Strontium Titanate* 
Sio2 .01 wt. % 
Al 2o 3 .001 
Sno2 < .001 
Fe2o 3 < .001 
Sb2o 3 < .001 
Mg .0005 
Cu .00001 
Pb < .001 
Mn < .0001 
Ni < .005 
v .0005 
Cr < .0005 
BaO .0003 
*Data supplied by National Lead Company. 
15 
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slicing the annealed crystal with a diamond saw perpendicular and 
parallel to the growth direction to yield a rectangularly shaped 
specimen. The saw marks were removed from the crystal by polishing 
with 600 grit silicon carbide wet grinding paper. After slicing 
and polishing, the crystal was annealed. The annealing process 
consisted of heating the platinum foil wrapped crystal in air in 
0 
a muffle furnace to 1200 C for 12 hours. The purpose of the 
annealing was to reduce strain in the crystal thereby minimizing 
the possibility of crystal breakage during the slicing process 
and later heat treatments. 
The final dimensions of the rectangularly shaped crystal were 
1.247 em x 1.334 em x 2.044 em± 0.020 em. The weight of the 
crystal was determined to be 16.9903 g ± 0.0002 g, and the density 
was found to be 5.121 g/cc ± .001 g/cc. 
C. Auxiliary Experiments 
1. Calibration of the System 
a. Procedure 
The procedure used to calibrate the tensi-volumetric 
apparatus was essentially the same as described by Conger [9]. 
With a few minor changes, the apparatus used for this 
investigation was that constructed by Conger in his study . 
Consequently the results of this calibration are similar to 
Conger's work. 
Conger used a method of calibration which consisted of 
measuring the pressure change resulting from a change in 
the number of gas molecules present in the system under 
conditions of constant volume and temperature. In practice, 
glass tubes of known volume were used to admit air into the 
sample side of the system. The resulting pressure change 
(6P) was measured with the differential head G1 . Assuming 
the gas to be ideal and knowing the air temperature and 
pressure, the number of moles (N) admitted into the system 
could be calculated. Therefore, an expression relating the 
pressure change to a change in the number of moles of gas 
in the system was derived. The expression had to include a 
correction factor since the system contained a temperature 
gradient. The expression derived by Conger was: 
~p = [CRT/V]~N 
where ~P is the induced pressure change, ~N is the change 
in the number of moles of gas in the sample side of the 
system, C is a correction factor resulting from temperature 
nonuriiformity, R the gas constant, V the system volume, and 
T the temperature of the sample side of the system. Combining 
the constants, this expression was further simplified to: 
~p [K(T)]~N 
where K(T) is a temperature dependent correction factor 
17 
18 
containing the gas constant, the volume of the sample side 
of the system, and some unknown function of the gauge and 
furnace temperatures. 
Conger found that the temperature dependent correction 
factor K(T) did not follow a linear temperature dependence. 
Therefore, a correction factor K(T) for each oxygen exchange 
isotherm was necessary. 
The following procedure was used to calculate K(T) data. 
Referring to Figure 1, valves L, M, N, and B were opened and 
the pressure in the system was reduced to about 10-6 mmHg . 
After measuring room temperature and pressure, one of the 
calibrated glass tubes was inserted into valve C, and a solid 
rod into valve A. "Swaglok" fittings with teflon front 
ferrules were used to make the coupling. 
The reference and sample sides of the system were then 
separated by first closing valves L and M followed by valve B. 
Valve B was closed last to eliminate a differential pressure 
I 
across the head G , caused by a small difference in the closing 
volumes of the two large valves L and M. With the two sides 
I 
of the system separated, the differential head G was zeroed. 
Valves A and C were then simultaneously opened . The gas 
contained in the calibrated glass tube entered the sample side 
of the system, causing a differential pressure reading (~P) . 
A constant pressure was obtained in about thirty minutes. 
The purpose of the solid rod was to cancel any induced 
differential pressure change arising from gas contained in 
the unknown dead volume of valve C. Although this precaution 
was taken, a difference in the size of the dead volumes of 
valves A and C did result in a measurable differential pressure 
change. A method devised by Conger to correct the observed 
differential pressure reading by subtracting out the dead 
volume component is discussed in the next section . 
b. Results 
Four different glass tubes were used to calibrate the 
system for each isotherm. The volumes of these tubes are 
listed in Table II. The equations relating the number of moles 
of gas admitted by each tube as a function of room temperature 
and pressure are also included in the table. 
The calculated values of K(T) are listed in Appendix A, 
along with the pertinent data used to calculate these values. 
Table III is a condensation of Appendix A. 
As was mentioned earlier, the dead volumes of valves A 
and C were not identical. This caused a differential pressure 
change when both valves were plugged with solid rods and 
opened to the system. A procedure developed by Conger 
was used to determine the magnitude of the dead volume 
pressure change for each isotherm. This procedure simply 
involves using the ideal gas law which predicts that the 




Calibration Tube Data 
Tube Number Tube Volume ~N 
1 .3210 3 5.147 X 10-6 P/T* ern 
2 .4346 6.969 X 10-6 P/T 
4 .5978 9.586 X 10-6 P/T 
6 .7175 11.51 X 10-6 P/T 
* P is room pressure in millimeters of mercury. 
T is room temperature in degrees Kelvin. 
Table III 
Condensed K(T) Data 
Furnace T* Average K (T) Largest K (T) Smallest K (T) 
975°C 2.57 X 104 ~ 
mole 2.60 X 10
4 2.54 X 104 2.12 
950 2.57 2.59 2.55 1.36 
850 2.53 2.57 2.51 1.97 
775 2.51 2.53 2.49 1.18 
700 2.50 2.54 2.48 1.71 
300 2.42 2.44 2.39 1.56 
20 2.35 2.36 2.33 1.05 
*Gauge temperature is assumed constant at 49°C. 






respect to the volumes of the calibration tubes for constant 
temperature and initial system pressure. Therefore, for 
each isotherm, a plot was prepared of the observed ~P, 
versus the volumes of the calibration tubes. The resulting 
plots were linear and, when extrapolated to a zero tube 
volume, yielded values of the correction pressure at each 
isotherm. A least squares analysis was used to obtain the 
correction pressure values, which are listed in Table IV. 
These values were subtracted from the observed values of ~P 
to obtain the reported values of ~P for each isotherm, which 
are listed in Appendix A. 
The average K(T) values listed in Table III were plotted 
as a function of furnace temperature as shown in Figure 2. 
This plot indicates a linear temperature dependence upon K(T). 
The least squares analysis of the data yields the equation 
for K(T) which is 
K(T) 0 4 = 2.246(T C) + 2.346 X 10 . 
2. Color Change 
In order to assure that the strontium titanate sample 
used in this study was reduced in the CO and forming gas 
atmospheres separate experiments were conducted to deter1nine 
if the color change behavior, reported by Paladino and 
coworkers [8], occurr ed in our sample. According to Paladino 
Table IV 
Correction Pressure Data 
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Figure 2. Temperature Dependence of K(T). 
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and coworkers, under nonoxidizing conditions strontium 
titanate single crystals are purple to black in color, 
depending on the extent of Ti+3 formation. Under oxidizing 
conditions the crystal is transparent. 
The strontium titanate crystal was annealed from 600° 
to 975°C in a tube furnace while either CO or forming gas was 
allowed to flow through the furnace. The crystal was then 
quickly removed from the furnace. The color of the crystal 
was dark purple signifying that it was in a reduced state. 
When annealed in oxygen the crystal was transparent . 
Therefore, the strontium titanate crystal used in this study 
reached equilibrium under the experimental conditions. 
This investigation indicated that the crystal could not 
be equilibrated at 600°C under either the reducing or 
oxidizing conditions. Thus the lower limit of the study was 
0 placed at 700 C. 
25 
III. RESULTS AND DISCUSSION 
A. Mathematical Analysis 
1. Diffusion Coefficient 
The diffusion coefficient for the predominant defect in 
strontium titanate can be determined assuming that the 
equilibration of the sample in response to gross changes of 
the ambient oxygen pressure is diffusion controlled. Changes 
in defect concentrations are directly related to pressure 
changes over the sample as equilibration proceeds. 
The equation used to determine the diffusion coefficient 
was originally derived by Newman [15] to explain the drying 
rate of porous solids. Later it was used by Price and 
Wagner [16] in determining chemical diffusion coefficients 
in single crystals of nickelous and cobaltous oxides by an 
electronic conductivity technique. The format chosen to 
present the diffusion equation is similar to that of Price and 
Wagner, with the exception of incorporating the measurable 
parameters of the tensi-volumetric technique. These parameters 
are the sample temperature, the total oxygen pressure over 
the sample during oxidation (P) , and the induced changes in 
oxygen pressure (~Pt) due to absorption of oxygen by the 
sample as it oxidized from its reduced state to that 
characterized by the new oxygen pressure. Since the change in 
oxygen pressure over the sample during the oxidation run was 
26 
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small compared to the total pressure, it will be assumed that 
the change in the total oxygen pressure was negligible. 
The sample used is a parallelepiped and is assumed to 
contain a uniform concentration of defects. The following 
solution of Fick's second law at constant temperature and 
assuming a constant diffusion coefficient, is given by 
4/TI{cos Tix/2a exp[ -Dt( TI /2a) 2 ] 
2 
- 1/3 cos 3nx/2a exp [ - 9Dt (n /2a) + · · · } X 
4/n{cos Tiy/2b exp[ -Dt(n/2b) 2] 
2 
-1/3 cos 3ny/2b exp [ - 9Dt (TI /2b) + · · · } X 
4/n{cos Tiz/2c exp[ -Dt( TI /2c) 2 ] 
2 
-1/3 cos 3nz/2c exp [ - 9Dt (TI /2c) + · · · } . 
(1) 
The quantity ct is the defect concentration as a function of 
position and time; C. is the initial uniform defect 
1 
concentration; C is the final uniform defect concentration; 
00 
t is the time; and 2a, 2b, and 2c are the sample dimensions. 
D is the diffusion coefficient and is assumed to be independent 
of composition. The equation is valid for the general boundary 
conditions of Ct ci at t = 0 for all x, y, and z, ct C at 
00 
x, y, z, 0 for t > 0. 
The relative change in defect concentration, (1 - Q), in 
terms of weight changes, may be obtained by integrating 
equation (1) with respect to x, y, and z. This yields the 
28 
relation 
1 - Q 
a b c 
J J J (C - C )/(C. - C )dxdydz t 00 J.. 00 
11wt 
1 - L1w = 1/abc 
00 
0 0 0 
512/7T6{exp[ -Dt(7T/2c) 2J- ···}{exp[ -Dt(7T/2b) 2]- ··· } X 
2 { exp [ - Dt (7T /2a) ] - · · ·}, 
in which 11wt is the weight change at some time t, and l1w
00 
is 
the total weight change measured between the initial 
equilibrium state and the final equilibrium state. 
Under the experimental conditions, the non-stoichiometric 
behavior of the strontium titanate sample is monitored as the 
sample equilibrates with the surrounding gas atmosphere. 
Using the assumption the partial pressure of the metal 
components is negligible compared to that of oxygen partial 
pressure, this interaction can be described as oxygen being 
admitted or removed from the crystal lattice. Using 
Kroger-Vink notation [17], an expression for this diffusion 
controlled process is, 
v~ + 2e' + 1/2 o2 (g) 
where V .. is a doubly ionized oxygen vacancy, e' is an electron, 
0 
and 00 is an oxygen ion on a normal lattice site. From the 
law of mass action, an equilibrium constant I<V·· can be written 
0 





K exp ( -llHV .. /RT) 
0 
where [V0] is the concentration of doubly ionized oxygen 
vacancies, n is the concentration of electrons, (P ) 1/ 2 is 
02 
the oxygen partial pressure, K is a proportionality constant, 
and llH .. is the enthalpy of formation of a doubly ionized 
vo 
oxygen vacancy and two electrons. From the electro-neutrality 
condition, n = 2[V~], the oxygen partial pressure dependence 




(~ .. /4) 1/3 p 0 -1/6 
0 2 
In terms of quantities which are measurable with the 
tensi-volumetric apparatus, changes in defect concentration 
ll[V~] may be equally well expressed as weight changes (llw) in 






llw/unit volume a ll[V0] a number of moles of oxygen exchanged. (7) 
Therefore, from e q uati on (2) weight changes may be equated to 
induced pressure changes as follows, 
1 - Q 








where: ~P~ = ~Poo +~Pi and ~Pt = ~Pt +~Pi. The terms ~Pt 
and ~P represent respectively, the differential oxygen 
00 
pressure as a function of time, and the final differential 
oxygen pressure. The term ~P. is a correction factor that 
~ 
would be zero if the measurement of ~P t began ·the instant that 
the system pressure was changed from P. to P. 
~ 
(That is at 
t = 0, exchange= 0.) Since this cannot be the case, ~P. will 
~ 
always be less than zero. The relative change in the oxygen 
vacancy content, 1 - Q, is related to the number of moles of 
gas exchanged by the sample when the oxygen pressure is 
changed from P. toP. P. represents the partial pressure of 
~ ~ 
oxygen in the reducing gas atmosphere from which the sample 
was initially equilibrated. P is the partial pressure of 
oxygen in the new oxidizing atmosphere. So in terms of 
pressure, 1 - Q is just the instantaneous induced pressure 
change divided by the total induced pressure change resulting 
from the oxygen pressure being stepped from P. to P. Thus 
~ 
1 - Q is given by 
1 - Q = 
~p· - ~p· 
00 t 
~p· 
~poo + ~pi - (~Pt + ~Pi) 













In this experiment it was not possible to measure ~P., 
1 
since the exchange was initiated before the proper values 
were closed and the differential head (GI) was operative. 
This resulted in a floating zero differential pressure 
reading. This behavior is illustrated in Figure 3. 
When (1 Q) ~ 0.5, the first term in each series of 
equation (2) is large compared to the following terms, the 
series can be truncated to yield 
1 - Q (~P - ~p )/(~P - ~P.) 
00 t 00 1 
- 5 2 2 2 2 512/rr exp [ - rr Dt/4 (1/a + 1/b + 1/c ) ] . 
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(10) 
Taking the common logarithm of both sides of the above equation 
and combining terms the following equation is obtained 
log(~P - ~Pt)/(~P - ~P.) - log(512/rr6 ) - [Dtrr 2/4(2.303) X 
00 00 1 
2 2 2 (1/a + 1/b + 1/c )] (11) 
or 
- log(~P - ~P.) + log(512/rr 6 ) - (Dtrr 2/9.21) X 
00 1 
2 2 2 (1/a + 1/b + 1/c ) , (12) 
which is a linear equation with log(~P00 - ~Pt) and t being the 
dependent and independent variables respectively. 
The diffusion coefficients were obtained from equation (12) 
by plotting - log(~P00 - ~Pt) versus t. As was stated before 
('I') 
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IV 
only the last half of the exchange data could be used to 
calculate the diffusion coefficients, because of the 
[(1- Q) 2 0.5] assumption needed to truncate the series. 
The activation energy for the diffusion process was 
obtained by plotting the diffusion coefficients as a function 
of the reciprocal of the absolute temperature. 
Although ~P. could not be measured, a value for ~P. can 
1. 1. 
be calculated using equation (12), since it is contained in 
the intercept of this linear equation, - log(~P - ~P ) versus 
00 t 




= - log(~P00 - ~Pi) - log(512/TI ) 
~P. 
1. 
~P _ 10 (.2736- a) 
00 
The diffusion coefficient introduced in equation (1) is a 
quantity previously defined by Price and Wagner [16], 
Wagner [18], and others. It is termed the chemical diffusion 
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(13) 
coefficient (D). This quantity is defined as the proportionality 
constant in Fick's second law for the case when the mass 
transport occurs under a chemical potential gradient. 
In this experiment, gross changes in the oxygen partial 
pressure content over the sample represent the chemical 
potential gradient. As a result of this activity gradient, 
doubly ionized oxygen vacancies were created as oxygen was 
removed from the sample. The interdiffusion of oxygen within 
the sample lattice to the gas phase, results in a change of 
stoichiometry. The chemical diffusion coefficient (D) describes 
this interdiffusional process, and therefore all diffusion 
coefficients mentioned above are actually chemical diffusion 
coefficients. 
2. Defect Concentration 
The purpose of this section is to introduce a mathematical 
expression which relates the concentration of atomic defects in 
the non-stoichiometric strontium titanate sample to the 
experimentally measurable parameter 6P'. The magnitude of the 
00 
calculated concentrations will be compared with extrapolated 
values obtained from Yamada and Miller [3]. 
As previously described, a calibration factor K(T) was 
derived which relates the defect-associated change in the 
number of moles of oxygen over the sample, to a 
defect-associated change in pressure. Using this relationship, 
changes in stoichiometry can be investigated. 
For non-stoichiometric strontium titanate, SrTiO ~' 3-u 
changes in the parameter o (call them 6 o ) can be related to 





where M is the molecular weight of stoichiometric strontium 
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titanate, m is the mass of the sample, and K(T) is the 
previously defined temperature dependent calibration factor. 
The factor of two arises since lattice oxygen is atomic while 
the gas is diatomic. The quantity bN represents the 
defect-associated change in oxygen concentration in the sample. 
The quantity M/m is the number of moles of strontium titanate 
present. The use of the value of M for stoichiometric 
strontium titanate and the treatment of m as a constant both 
involve the assumption that 8 is negligibly small. 
The defect concentration can be related to the parameter 
0 by 
[defect] op/M (15) 
where [defect] represents the mole concentration (moles/cm3 ) of 
some atomic defect in a notation according to Kroger-Vink [17], 
p is the density of strontium titanate. Changes in defect 
concentration can be represented as 
b[defect] = bopjM. 
Combining equations (14) and (16) results in the equation 
or 
b[defect] 
6 rv··1 0 
[2p/m] [l:IP 1 /K (T)] 
00 





which relates the changing concentration of atomic defects to 
the measurable quantity 6P'. The term 6[defect] in equation 
00 
(17) represents the majority defect. The predominate defect 
in strontium titanate has been reported by a number of 
authors [8,9,13,14] to be doubly ionized oxygen vacancies 
whose concentration is represented by [V~]. 
In equation (14) 66 is related to the defect-associated 
change in oxygen pressure over the sample, and is proportional 
as 6P~. The quantity 6P~ represents the sample induced total 
differential pressure change recorded from the point where 
oxygen vacancies begin to be filled (sample begins to oxidize) , 
to where this process is completed and thermodynamic 
equilibrium is attained at the new oxygen pressure. 
B. Presentation of the Exchange Data 
An illustration of a typical oxidation curve is shown in 
Figure 4, and the data collected to make this plot is tabulated in 
Appendix B. This curve shows the measurement of 6Pt versus time 
and reflects the oxidation data at all temperatures. The significant 
feature of this plot, is the exponential time dependence . This 
indicates that the diffusion controlled process is rate controlling. 
From the value of 6Pt and equation (10), the term (1 - Q) can be 
evaluated. If the assumptions leading to equation (10) are correct, 
then a plot of - log(l - Q) versus time will be linear. Figure 5 
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(X) 
0 0 from 700 to 975 C. The data for these isothermal exchanges is 
provided in Appendix C. Each set of data in Figure 5 did result 
in a linear plot. This straight line behavior indicates the 
excellent adaptability of the experimental exchange data to the 
Newman diffusion equation Il5], and suggests the sample oxidation 
proceeds by a process of homogeneous volume diffusion. The reader 
may also note that the straight lines in Figure 5 all converge to 
-0.27 which is the intercept of equation (11). 
Using the oxidation data, ~Pt versus time, and equation (12), 
a plot of- log(~Poo - ~Pt) versus time can be generated. Figure 6 
is an example of this relationship. The three highest temperature 
exchanges listed in Appendix C and plotted in Figure 5, are 
represented in Figure 6. From the intercept of these lines in 
Figure 6, ~P. can be calculated, as explained earlier. 
1 
Only after the term ~P . is evaluated for each exchange, can the 
1 
term (1 - Q) be calculated. Therefore, Figure 5 is the direct 
result of the linear behavior described by Figure 6. 
The oxygen chemical diffusion coefficients were calculated 
from the slope of the lines obtained from the - log(~P - ~P ) versus 
00 t 
time plot, described in Figure 6. Table V is a list of chemical 
diffusion coefficients calculated from 27 oxidation runs. The 
diffusion coefficients obtained in this manner were plotted in 
Figure 7 as a function of reciprocal absolute temperature. The 
vertical line through each average value indicates the maximum 
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Oxygen Chemical Diffusion Coefficient Data 
- 2 -Run Furnace Temperature D (em /sec) X s 
1 700°C 1.87 X 10-5 2.17 X 10-5 0.41 X 10-5 
2 700 2.00 X 10-5 
3 700 2.77 X 10-5 
4 700 2.02 X 10-5 
5 775 2.29 X 10-5 3.36 X 10 -5 0.69 X 10 -5 
6 775 2.76 X 10-5 
7 775 4.29 X 10-5 
8 775 3.48 X 10-5 
9 850 7.12 X 10-5 9.20 X 10 -5 2.09 X 10 -5 
10 850 7.05 X 10-5 
11 850 1.18 X 10-4 
12 850 1.05 X 10-4 
13 850 9.53 X 10-5 
14 950 9.80 X 10-5 9.75 X 10 -5 1.83 X 10 -5 
15 950 1.03 X 10-
4 
16 950 8.76 X 10- 5 
17 950 5.70 X 10-5 
18 950 1.10 X 10-4 
19 950 1.05 X 10-4 
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Table V (cont.) 
- 2 -Run Furnace Temperature D(cm /sec) X s 
20 950° C 1.16 X 10-4 9.75 X 10- 5 1.83 X 10-5 
21 950 1.03 X 10-4 
22 975 1.42 X 10-4 1.25 X 10 -4 2.32 X 10 -5 
23 975 9.31 X 10-5 
24 975 1.22 X 10-4 
25 975 1.10 X l0-4 
26 975 1.24 X 10-4 











7 8 9 10 11 12 
1 0 4 /T , ( ° K -l) 




least-squares analysis was performed on this set of data. The 
temperature dependence of the oxygen chemical diffusion coefficient 
can be represented by 
D 0 05 + 0. 04 ( -14.9 
· - 0.02 exp 
2 
± 1.3 kcal/mole)~ 
RT sec (18) 
0 0 between 700 and 975 C. 
According to Shewmon [19] , D can be empirically described by 
the equation 
D 0 0 exp ( - A/RT) (19) 
where D0 is a constant, and A is an enthalpy term. Both D0 and A are 
obtained by plotting ln D versus 1/T. In this study A is equal to 
the enthalpy of motion of doubly ionized oxygen vacancies. This is 
because the rate determining step in the re-equilibration process 
is the transport of oxygen ions, and thus the chemical diffusion 
coefficient represents oxygen ion vacancy diffusion, so in the above 
equations A= ~Hmotion = 14.9 ± 1.3 kcal/mole. 
C. Interpretation of the Exchange Data and Discussion 
Figure 8 was constructed to compare the results of this study 
with previous investigators. The top line in this figure represents 
the present work. The three other lines represent diffusion studies 
by Paladino [1] and by Walters and Grace [6]. The two points at 
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lJ1 
calculated from vacancy mobility data of Blanc and Staebler [4] 
using the Einstein relation [20]. 
Paladino measured oxidation kinetics of reduced single 
crystal strontium titanate by a thermogravimetric technique. The 
calculated oxygen chemical diffusion coefficients in the 
temperature range 850° and 1460°C, can be represented by D 
0.33 exp(- 22 · 5 ± 5~~ kcal/mole)cm2/sec. The calculated diffusion 
coefficients of this study are very close to those obtained by 
Paladino. This is an important point since both studies measured 
oxidation kinetics of reduced single crystal strontium titanate, 
so the results of the two techniques should correspond. The 
enthalpy of motion term also compares quite well. 
An extrapolation of Blanc and Staebler data into the high 
temperature region correlates favorably with both this study and 
the work of Paladino. 
Oxygen vacancy diffusion coefficient (D ,.) determinations were 
vo 
made by Walters and Grace using an electrical conductivity 
technique. Oxygen chemical diffusion coefficients were calculated 
from the oxygen vacancy diffusion coefficients by [21] 
6 = (1 + jzj)D ··'where jzj is the effective charge of the oxygen 
vo 
vacancy. The resulting oxygen chemical diffusion coefficients are 
shown in Figure 8. The two lines represent measurements made on 
two different strontium titanate single crystals. As can be 
observed their results are much lower than the other works cited. 
This difference cannot be explained. 
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A method of calculating the magnitude of the defect 
concentrations, 6[V~], using equation (12), was introduced in this 
section. Calculated values of 6P. for each of the twenty-seven 
1 
oxidation runs, using equation (13), are provided in Appendix D. 
Using these 6P . values and equation (17), the change in defect 
1 
concentration, 6[v;], was calculated for each of the twenty-seven 
oxidation runs. These values are also listed in Appendix D. The 
values of 6[v;] calculated from equation (17) have units of 
3 
moles/em , but the units of 6[V0] listed in Appendix D have been 
-3 
changed to em The term 6[V~] represents the change in the 
3 
concentration of doubly ionized oxygen vacancies per em , created 
in the sample when exposed to the reducing atmosphere. 
-3 Yamada and Miller [3] determined free electron density (em ) 
as a function of oxygen partial pressure at various temperatures. 
Using their relationship and the electro-neutrality condition, 
n = 2[V0], a value for the concentration of doubly ionized oxygen 
vacancies can be extrapolated from their data, if the partial 
pressure of oxygen in the reducing atmosphere is known. 
An oxygen concentration cell was used to determine the 
(oxygen activity) partial pressure of oxygen in the forming gas 
employed in this study as a function of temperature. The average 




values, free electron densities as a function of 
2 
temperature were obtained from Yamada and Miller, and were 
converted to oxygen vacancy concentrations. These extrapolated 
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Table VI 
Defect Concentration Data 
* ~ [V0] (em - 3 ) ** Furnace Temperature - log P0 (atm) 2 
700° C 3.75 X 1017 - 3.41 X 1018 22.2 
775° C 3.37 X 1017 - 2.06 X 1018 21.0 
850° C 6.00 X 1017 - 1.06 X 1018 19.5 
950 ° C 1.82 X 1018 - 1.57 X 1019 17.6 
975° C 3.49 X 1018 - 1.32 X 1019 17.0 
* Calculated values from this study. 
** Oxygen concentration cell measurements. 








n(cm ) [v;] (em - 3 ) 
1.3 X 1017 6.5 X 1016 
4.0 X 1017 2.0 X 1017 
1.3 X 1018 6.5 X 1017 
3.2 X 1018 1.6 X 1018 




values are also listed in Table VI, along with the calculated 
~[V~] values of this study from Appendix D. Correlation between 
the calculated values of this study and extrapolated values from 
Yamada and Miller is reasonable. The oxygen partial pressures 
measured by the zirconia oxygen concentration cell were probably 
high since under the conditions used the conductivity of the 
zirconia could not be all ionic. Therefore, the calculated 
pressures would be higher than the actual equilibrium oxygen 
partial pressures. This fact can explain why all of the 
extrapolated oxygen vacancy concentrations are on the low side of 
those calculated from this study. 
-The determination of the chemical diffusion coefficient, D, 
and the oxygen vacancy concentration, rv;], makes it possible to 




where N is the total number of oxygen ions in the lattice per em . 
The oxygen vacancy diffusion coefficient, D .. , can be calculated 
vo 
directly from the oxygen chemical diffusion coefficient by the 
relation [21] 
D 3D ..• 
vo 








to include the chemical diffusion coefficient. The oxygen 
self-diffusion coefficient can be calculated using the oxygen 
chemical diffusion coefficients determined in this study, and the 
extrapolated values of [V~] listed in Table VI from the work of 
Yamada and Miller. 
Calculated oxygen ~elf-diffusion coefficients are listed in 
Table VII. In Figure 9, the oxygen self-diffusion coefficients were 
plotted as a function of reciprocal temperature. The vertical 
lines represent maximum and minimum values. A least-squares analysis 
of the data resulted in the relation 
D ·o o+SrT1 3 
-1.59 - 23100(1/T). 
This equation may be converted into the generalized form [19] 
D ·o O+SrT1 3 
DO exp ( - A/RT) 
where the intercept, -1.59, is equal to ln D0 , and the slope, 
- 23100, is equal to ·- A/R. The A term is composed of two separate 
enthalpy terms according to the relation [6] 





Oxygen Self-Diffusion Coefficient Data 
- 2 [V~] (em - 3 ) 2 Run Furnace Temperature D (em /sec) D (em /sec) O+SrTi03 
1 700°C 1.87 X 10-S 6.5 X 1016 8.05 X 10-l2 
2 2.00 X 10-s 8.61 X 10-l2 
3 2.77 X 10-S 1.19 X 10-ll 
4 2.02 X 10-S 8.69 X 10-l2 
5 775°C 2.29 X 10-S 2.0 X 1017 3.03 X 10-ll 
6 2.76 X 10-s 3.65 X 10-11 
7 4.29 X 10-S 5.68 X 10-11 
8 3.48 X 10-S 4.61 X 10-11 
9 850°C 7.12 X 10-S 6.5 X 1017 3.06 X 10-lO 
10 7.05 X 10-S 3.03 X 10-lO 
11 1.18 X 10-4 5.08 X 10-lO 
12 1.05 X 10-4 4.52 X 10-lO 
13 9.53 X 10-S 4.10 X 10-10 
14 950°C 9.80 X 10-s 1.6 X 10
18 1.04 X 10-9 
15 1.03 X 10 
-4 1.09 X 10-9 
16 8.76 X 10-S 9.28 X 10-lO 
17 5.70 X 10-S 6.04 X 10-lO 
18 1.10 X 10-
4 1.17 X 10-9 
19 1.05 X 10-
4 1.11 X 10-9 
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Table VII (cont.) 
- 2 -3 2 Run Furnace Temperature D (em /sec) [V 0 ] (em ) D . (em /sec) O+SrT103 
20 950°C 1.16 X 10-4 1.6 X 1018 1.23 X 10-9 
21 1.03 X 10-4 1.09 X 10-9 
22 975°C 1.42 X 10-4 2.0 X 1018 1.88 X 10-9 
23 9.31 X 10-S 1.23 X 10-9 
24 1.22 X 10-4 1.62 X 10-9 
25 1.10 X 10-4 1.46 X 10-9 
26 1.24 X 10-4 1.64 X 10-9 



































Figure 9. Oxygen Self-Diffusion Coefficient Plot. 
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where ~Hm is the enthalpy of motion of a doubly ionized oxygen 
vacancy plus two electrons, and from equation (4), ~Hv·· is the 
0 
enthalpy of formation of this defect. 
The dotted line in this figure represents oxygen ion self-
diffusion coefficients determined for single crystals of strontium 
titanate between 825° and 1526°C using o18 by Paladino and 
coworkers [5]. -6 This can be represented by D = 5.2 x 10 
2 
exp[( -26.1 ± 5.0 kcal/mole)/RT]cm /sec. Essentially the same 
activation energy was found for both oxygen ion diffusion and for 
oxidation kinetics, which suggests that the activation energy for 
oxygen ion self-diffusion is simply the enthalpy of motion. This 
would indicate that the o18 exchange was extrinsic. Using the 
enthalpy of formation calculated from Yamada and Miller, and the 
enthalpy of motion determined in this study, a value of A may be 
obtained which should compare to the activation energy determined 
from the oxygen self-diffusion plot (Figure 9) . The calculated 
reaction enthalpy terms are listed in Table VIII. 
The calculated value of 59 kcal/mole is probably more accurate 
since it is not dependent upon the extrapolated oxygen vacancy 
concentration values, and the uncertainty contained in the oxygen 
concentration cell measurements. 
The two activation energies calculated in Table VIII (59 and 
46 kcal/mole) represent a c tivation energy values for intrinsic 
behavior as opposed to the extrinsic value of 26 kcal/mole found by 
Paladino and coworkers . This is the reason the slopes in Figure 9 
are not equal. 
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Table VIII 
Activation Energy Data 
A ~H* + (~Hv*~/3) 
m 0 
14.9 + (133/3) 59 kcal/mole 
From the oxygen self-diffusion coefficient 
versus 1/T plot: 
- A/R = -23100, 
A 46 kcal/mole 
*~H from this study. 
m 
**~H from Yamada and Miller [3]. v·· 
0 
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IV. DISCUSSION OF ERRORS, LIMITATIONS OF THE 
APPARATUS AND SUGGESTIONS OF IMPROVEMENTS 
56 
The maximum exchange temperature of 1000°C limits the type of 
exchange that can be made and also limits comparisons with other 
high temperature work. Replacing the fused silica sample tubes 
with mullite tubes as Conger [9] has suggested would increase the 
maximum temperature range. 
The addition of the constant temperature circulator to the 
apparatus, helped increase the stability of the pressure measurements 
when room temperature varied a few degrees, although improvements 
could be made. 
The present apparatus contains no device for measuri ng 
oxygen partial pressure in the system. If such a device was 
included in the system, more accurate characterization o f t h e 
defect concentration in the sample would result. 
A method for easier insertion of the sample is also need e d . In 
the present setup, the furnace had to be cooled before t h e sampl e 
could b e removed. 
One factor that may influence the oxygen chemical diffusion 
coefficient calculations is the physical condition of the strontium 
titanate single crystal. The use of the diffusion equation f rom 
Newman [15] assumes that t h e diffusion coefficient is independent 
of composition and the s h ap e of the crystal i s well defined, 
anneal ed and homogeneous. This s t ud y ignored the surf ace 
irregularities of the cry stal as we l l as edge and stress e ff ects . 
The excellent adaptability of the exchange data to the diffusion 
equation minimizes the importance of these other effects. 
Childs and Wagner [21] point out that the crystallographic 
orientation of the single crystal may affect exchange rates. No 
studies to date have been made on single crystal samples with 
various surface orientations, and therefore the affect of this 
factor on the results of this study is unknown. 
The results obtained from making exchanges at various 
temperatures with no sample in the apparatus proved to be quite 
large. The pressure change occurring with no sample amounted to 
about 20% of that with a sample. Although this behavior did not 
affect the diffusion coefficient calculations, it did affect the 
calculated ~[V""] results. This may be the reason why the 0 
calculated ~[V0 ] values are larger than extrapolated values 
obtained from Yamada and Miller [3]. This system induced pressure 
change is probably caused by surface effects in the system. 
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V. CONCLUSIONS 
l. A tensi-volumetric apparatus has been constructed with the 
capability of determining changes in oxygen content in oxides 
-8 -7 
as small as 2 x 10 moles (2 x 10 grams) at temperatures 
0 -4 
to 1000 C over the oxygen pressure range 10 - 760 mmHg. 
2. The oxygen exchange kinetics for the oxidation of single 
crystal strontium titanate are best described by a volume 
diffusion limited process. 
3. If the electron mobility is much greater than that of the 
oxygen vacancies, the rate determining step in the 
re-equilibration is the transport of oxygen ions via lattice 
defects. Thus the chemical diffusion coefficient obtained 
from the exchange kinetics represents oxygen ion vacancy 
diffusion. In the temperature range 700°- 975°c D can be 
represented by 
-D ± 0.04 ( -14.9 0.02 exp 0.05 
2 
± 1.3 kcal/mole)~ 
RT sec 
4. Correlation between the chemical diffusion coefficient 
obtained in this investigation with those found in other 
studies indicates that the tensi-volumetric apparatus can 
be used to obtain diffusion coefficients. 
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5. The measured oxygen ion vacancy concentrations agree within 
an order of magnitude of other investigators which suggests 
that the predominant non-stoichiometric defect in strontium 
titanate is a doubly ionized oxygen vacancy. 
6. Strontium titanate does not appear to attain thermodynamic 
0 
equilibrium at temperatures below about 650 C. 
59 
BIBLIOGRAPHY 
[1] Paladino, A. E., "Oxidation Kinetics of Single Crystal 
SrTi03 ", ~- Amer. Ceram. Soc. 48, 476-478, (1965). 
[2] Walters, L. C. and Grace, R. E., "Formation of Point 
Defects in Strontium Titanate",~- Phys. Chern. Solids 
28, 239-244, (1967). 
[3] Yamada, H. and Miller, G. R., "Point Defects in Reduced 
Strontium Titanate", J. Solid State Chern., .§_, 1969-177, 
(1973) . 
[4] Blanc, J. and Staebler, D. L., "Electrocoloration in 
SrTio3 : Vacancy Drift and Oxidation-Reduction of Trans1tion Metals", Phys. Rev.~'_!, 3548-3557, (1971). 
[5] Paladino, A. E., Rubin, L. G., and Waugh, J. s., "Oxygen 
Ion Diffusion in Single Crystal SrTio3", ~- Phys. Chern. Solids, 26, 391-397, (1965). 
[6] Walters, L. C. and Grace, R. E., "Diffusion of Point 
Defects in Strontium Titanate",~- Phys. Chern. Solids, 
28, 245-248, (1967). 
[7] Rhodes, W. H. and Kingery, W. D., "Dislocation Dependence 
of Cationic Diffusion in SrTi03", ~- Amer. Ceram. Soc. 
49, 521-526, (1966). 
[8] Waugh, J. S., Paladino, A. E., diBenedetto, B., and 
Wantman, R., "Effects of Dislocations on Oxidation and 
Reduction of Single-Crystal SrTi03 ", ~- Amer. Ceram. 
Soc., 46, 60, (1963). 
[9] Conger, G. J., "A Tensi-Volumetric Apparatus: Theory, 
Calibration, and Use in an Investigation of Oxygen 
Non-Stoichiometry of Pure BaTiO ",M.S. Thesis, 
University of Missouri, Rolla, ~issouri, 1972. 
[10] Schwarz, D. B., Conger, G. J., and Anderson, H. U., 
"Measurements of Nonstoichiometry in SrTio3 and BaTio3", 
International Conference on Strontium Containing 
Compounds, sponsored by the Atlantic Industrial Research 
Institute at Nova Scotia Technical College, June 17-20, 
1973, Halifax, Nova Scotia (in press). 
[11] Turcotte, R. P., Chikalla, T. D., and Eyring, L., 
"Thermochemical Measurements with a Capacitance 
Manometer", Analytical Chemistry 43, 958-960, (1971). 
60 
[12] Turcotte, R. P., Chikalla, T. D., and Eyring, L., 
"Oxygen Decomposition Pressures and Thermodynamic Data 
for Nonstoichiometric Berkelium Berkelium Oxide", J. 
Inorg. Nucl. Chern. ~' 3749-3763, (1971). 
[13] Meurer, H., "Gleichgewichte zwischen Gasen und 
heteropolaren Festkorpern und die kinetik der 
Gleichgewichtseinstellung", Doctoral Dissertation, 
University of Clausthal, 1969. 
[14] Greskovich, C. and Schmalzried, H., "Nonstoichiometry and 
Electronic Defects in CO Sio4 and in COA1 2o4-MgA1 2o4 Crystalline Solutions",~- Pliys. Chern. 31, 639-646, (1969). 
[15] Newman, A. B., "The Drying of Porous Solids: Diffusion and 
Surface Emission Equations", Trans. Amer. Inst. Chern. 
Engr. '!:2, 203-211, (1931) . 
[ 16] Price, J. B. and Wagner, J. B. , Jr. , "Determination of the 
Chemical Diffusion Coefficients in Single Crystals of CoO 
and NiO", ~- Phys. Chemie Neue Folge 49, 257-270, (1966). 
[17] Kroger, F. A. and Vink, H. J., Solid State Physics Volume 
~' 307-435, New York: Academic Press, 1956. 
[18] Wagner, J. B., Jr., "Chemical Diffusion Coefficients for 
Some Nonstoichiometric Metal Oxides", Symposium on Mass 
Transport in Oxides, October 22-25, 1967, Gaithersburg, 
Maryland. 
[19] Shewmon, P. G., Diffusion in Solids, 61, New York: 
McGraw-Hill, 1963. 
[20] Azaroff, L. and Brophy, J. J., Electronic Processes in 
Materials, 218, New York: McGraw-Hill, 1963. 
[21] Childs, P. E. and Wagner, J. B., Jr., "Chemical Diffusion 
in Wustite and Chromium-Doped Manganous Oxide", 
Heterogeneous Kinetics at Elevated Temperatures, 269-342, 
New York: Plenum Press, 1969. 
[22] Mott, N. F. and Gurney, R. W., Electronic Processes in 




Douglas Bugh Schwarz was born on November 30, 1950, in Orange 
County, California. He received his primary and secondary 
education in the Belleville Public School System, Belleville, 
Illinois. He received his college education from Belleville Area 
College, in Belleville, Illinois; Washington University, in 
St. Louis, Missouri; the University of Missouri-St. Louis, in 
St. Louis, Missouri; and the University of Missouri-Rolla, in 
Rolla, Missouri. A Bachelor of Science degree in Ceramic Engineering 
from the University of Missouri-Rolla, was conferred upon him in 
July, 1972. 
He has been enrolled in the Graduate School, Ceramic 
Engineering Department, of the University of Missouri-Rolla since 
August, 1972. During his graduate appointment, he has been the 
recipient of a stipend and equipment allowance provided by funds 






Number Room P Room T Furnace T flN X 105 flp K(T) X 10-4 
6 732.0 mm 24°C 975°C 2.837 .7344 mm 2.59 
6 732.0 22 975 2.856 .7357 2.58 
4 731.8 23 975 2.370 .6159 2.60 
4 731.8 22 975 2.378 .6127 2.58 
4 731.7 23 975 2.370 .6165 2.60 
2 731.9 22 975 1.729 .4453 2.58 
2 731.9 21 975 1.735 .4458 2.57 
1 731.9 21 975 1.281 .3254 2.54 
1 731.8 21 975 1.281 .3268 2.55 
1 731.7 21 975 1.281 .3263 2.55 
1 734.6 23 950 1.277 .3294 2.58 
1 735.1 23 950 1.278 .3281 2.57 
2 734.9 23 950 1.730 .4427 2.56 
2 734.8 24 950 1.724 .4444 2.58 
4 734.8 24 950 2.372 .6112 2.58 
4 735.0 24 950 2.372 .6138 2.59 
6 734.9 24 950 2.848 .7256 2.55 
6 734.8 24 950 2.848 .7280 2.56 
1 729.2 23 850 1.268 .3199 2.52 
1 729.3 24 850 1.264 .3219 2.55 
4 729.3 24 850 2.354 .6015 2.56 
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APPENDIX A (cont.) 
Tube 
Number Room P Room T Furnace T f:IN X 105 f:lp K(T) X 10-4 
4 729.4 mm 24°C 850°C 2.354 .6034 mm 2.57 
4 729.1 24 850 2.353 .6005 2.55 
2 729.2 24 850 1.711 .4311 2.52 
2 729.1 24 850 1.711 .4323 2.53 
2 729.2 24 850 1.711 .4315 2.52 
6 734.2 22 850 2.865 .7251 2.53 
6 734.4 22 850 2.865 .7204 2.51 
6 734.7 23 850 2.857 .7199 2.52 
6 722.5 21 775 2.829 .7149 2.53 
6 723.0 22 775 2.821 .7070 2.51 
6 723.6 22 775 2.823 .7032 2.49 
6 724.1 22 775 2.825 .7074 2.50 
1 724.8 22 775 1.265 .3157 2.50 
1 725.1 22 775 1.265 .3177 2.51 
1 725.7 22 775 1.266 .3194 2.52 
2 725.9 22 775 1.715 .4298 2.51 
2 726.1 22 775 1.715 .4291 2.50 
4 726.1 22 775 2.359 .5947 2.52 
4 726.2 22 775 2.360 .5952 2.52 
4 727.2 21 700 2.371 .5918 2.50 
4 727.3 21 700 2.371 .5947 2.51 
2 727.6 22 700 1.719 .4262 2.48 
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APPENDIX A (cont.) 
Tube 
Number Room P Room T Furnace T ~N X 105 ~p K(T) X 10-4 
2 727.8 rom 22°C 700°C 1.719 .4287 rom 2.49 
2 727.9 22 700 1.720 .4328 2.52 
2 730.2 21 700 1.731 .4302 2.49 
2 731.5 23 700 1.722 .4372 2.54 
6 731.5 23 700 2.844 .7049 2.48 
6 730.2 23 700 2.839 .7091 2.50 
6 730.6 23 700 2.841 .7081 2.49 
1 730.4 23 700 1.270 .3172 2.50 
1 730.1 23 700 1.270 .3169 2 . 50 
1 732.9 19 300 1.292 .3145 2.43 
1 732.7 19 300 1.292 .3153 2.44 
2 732.7 19 300 1.749 .4183 2.39 
2 732.8 19 300 1.749 .4219 2.41 
2 732.8 19 300 1.749 .4188 2.40 
4 732.7 19 300 2.405 .5824 2.42 
4 732.8 19 300 2.406 .5840 2.43 
6 732.8 19 300 2.889 .7003 2.42 
6 732.7 19 300 2.888 .6987 2.42 
6 732.8 18 20 2.898 .6782 2.34 
6 732.4 20 20 2.877 .6788 2.36 
4 732.6 20 20 2.397 .5633 2.35 
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APPENDIX A (cont.) 
Tube 
i).N X 105 X 10-4 Number Room P Room T Furnace T L).p K(T) 
4 733.9 nun 18°C 20°C 2.418 .5712 mm 2.36 
4 733.1 18 20 2.415 .5670 2.35 
2 733.6 18 20 1.757 .4087 2.33 
2 733.7 19 20 1.751 .4104 2.34 
1 733.7 19 20 1.293 .3039 2.35 
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Run Furnace Time 
Number Temperature (sec) ~pt (rom) -1og(~P00 - ~p ) t -1og(1 - Q) 
3 700°C 480 .0115 1.9393 .3509 
540 .0120 1.9586 .3702 
600 .0120 1.9586 .3702 
660 .0122 1.9666 .3782 
720 .0125 1.9788 .3904 
780 .0130 2.0000 .4116 
840 .0135 2.0223 .4339 
900 .0136 2.0269 .4385 
960 .0137 2.0315 .4431 
1020 .0140 2.0458 .4574 
1080 .0140 2.0458 .4574 
1140 .0143 2.0605 .4721 
1200 .0145 2.0706 .4822 
1260 .0145 2.0706 .4822 
1320 .0146 2.0757 .4873 
1380 .0150 2.0969 .5085 
1440 .0153 2.1135 .5251 
8 775°C 420 .0122 1.9508 .3522 
480 .0126 1.9666 .3680 
540 .0131 1.9872 .3886 
600 .0134 2.0000 .4014 
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APPENDIX C (cont.) 
Run Furnace Time 
Number Temperature (sec) f:.p (nun) -1og(flP
00 
- !:.P t) -1og(1 - Q) t 
8 775°C 660 .0136 2.0088 .4102 
720 .0142 2.0362 . 4376 
780 .0144 2.0458 .4472 
840 .0146 2.0555 .4569 
900 .0150 2.0757 .4771 
960 .0153 2.0915 .4929 
1020 .0155 2.1024 .5038 
1140 .0157 2.1135 .5149 
1200 .0159 2.1249 .5263 
1260 .0162 2.1427 .5441 
1320 .0164 2.1549 .5563 
1380 .0166 2.1675 .5689 
1500 .0170 2.1938 .5952 
9 850°C 240 .0235 1.6459 .3594 
300 .0259 1.6946 .4081 
360 .0271 1.7212 .4347 
420 .0281 1.7447 .4582 
480 .0294 1.7773 .4908 
540 .0302 1.7986 .5121 
600 .0312 1.8268 .5403 
660 .0320 1.8508 .5643 
720 .0328 1.8761 .5896 
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APPENDIX C (cont.) 
Run Furnace Time 
Number Temperature (sec) L\Pt (mm) -1og(L\P -00 L\P t) -1og(l - Q) 
9 850°C 780 .0339 1.9136 .6271 
840 .0345 1.9355 .6490 
900 .0352 1.9626 .6761 
960 .0358 1.9872 .7007 
1020 .0363 2.0088 .7223 
1080 .0370 2.0410 .7544 
1140 .0373 2.0555 .7690 
1200 .0380 2.0915 .8050 
1260 .0385 2.1192 .8327 
1320 . 0387 2.1308 .8443 
1380 .0394 2.1739 .8874 
1440 .0395 2.1805 .8939 
1500 .0400 2.2147 .9282 
14 950°C 300 . 0481 1.3410 .4513 
360 .0522 1.3820 .4922 
420 .0555 1.4179 .5282 
480 .0586 1.4547 .5649 
540 .0621 1.5003 .6106 
600 .0644 1.5331 .6434 
660 .0663 1.5622 .6725 
720 .0688 1.6038 .7141 
780 .0709 1.6421 .7523 
840 .0725 1.6737 .7839 
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APPENDIX C (cont.) 
Run Furnace Time 
Number Temperature (sec) bPt (rom) -1og(6P -00 bPt) -1og(1 - Q) 
14 950°C 900 .0742 1.7100 .8202 
960 .0758 1.7471 .8574 
1020 .0774 1.7878 .8981 
1080 .0789 1.8297 .9400 
1140 .0793 1.8416 .9519 
1200 .0811 1.8996 1.0099 
24 975°C 300 .1680 .8508 .4816 
360 .1850 .9066 .5374 
420 .1990 .9586 .5894 
480 .2110 1.0088 .6396 
540 .2215 1.0580 .6888 
600 .2305 1.1051 .7360 
660 .2390 1.1549 .7857 
720 .2455 1.1972 .8281 
780 .2515 1.2403 .8712 
840 .2580 1.2923 .9233 
900 .2625 1.3325 .9634 
960 .2665 1.3716 1.0024 
1020 .2700 1.4089 1.0398 
1080 .2740 1.4559 1.0868 
1140 .2785 1.5157 1.1465 
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APPENDIX C (cant.) 
Run Furnace Time 
Number Temperature (sec) ~pt (rom) -1og(~P - LlP t) -1og(1 - Q) 00 
24 950°C 1200 .2810 1.5528 1.1837 
1260 .2840 1.6021 1.2329 
1320 .2860 1.6383 1.2691 
1380 .2880 1.6778 1.3086 
1440 .2900 1.7212 1.3521 
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APPENDIX D 
DEFECT CONCENTRATION DATA 
Run Furnace 
Number Temperature /:,.p Intercept -6P. /:,.p - llP. ll [V~] (cm- 3 ) 
00 l 00 l 
1 700°C 0.0244 1.8501 0.0021 0.0265 3.85 X 1017 
2 0.0258 1.8195 0.0027 0.0285 4.14 X 1017 
3 0.0230 1.8625 0.0028 0.0258 3.75 X 1017 
4 0.1300 0.9027 0.1049 0.2349 3.41 X 1018 
5 775 0.1315 1.1290 0.0080 0.1395 2.02 X 1018 
6 0.1130 1.1205 0.0293 0.1423 2.06 X 1018 
7 0.0189 1.9067 0.0044 0.0233 3.37 X 1017 
8 0.0234 1.8716 0.0018 0.0252 3.64 X 1017 
9 850 0.0461 1.5598 0.0056 0.0517 7.42 X 1017 
10 0.0464 1.5355 0.0083 0.0547 7.85 X 1017 
11 0.0382 1.6528 0.0036 0.0418 6.00 X 1017 
12 0.0500 1.4040 0.0241 0.0741 1.06 X 1018 
13 0.0446 1.5702 0.0059 0.0505 7.24 X 101 7 
14 950 0.0937 1.1633 0.0352 0.1289 1.82 X 1018 
15 0.1270 0.9765 0.0712 0.1982 2.80 X 1018 
16 0.1247 0.9909 0.0670 0.1917 2.71 X 1018 
17 0.1564 0.9717 0.0440 0 . 2004 2.83 X 1018 
18 0.3180 0 . 5856 0.1695 0.4875 6.88 X 10
18 
19 0 . 4834 0.3654 0.3261 0.8095 1.11 X 1019 
2 0 0.1694 0.2283 0 . 9405 1.1099 1. 57 X 10
19 
21 0 . 1710 0.8124 0 . 1128 0.2838 4.01 X 10
18 
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APPENDIX D (cant.) 
Run Furnace 
L1 [V0] (cm- 3 ) Number Temperature b.P Intercept -L1P. L1P - i1P. 00 l. 00 l. 
22 975°C 0.1540 0.8606 0.1048 0.2588 3.65 X 1018 
23 0.1880 0.8810 0.0589 0.2469 3.49 X 1018 
24 0.3090 0.6428 0.1184 0.4274 6.03 X 1018 
25 0.3600 0.4716 0.2739 0.6339 8.95 X 1018 
26 0.4655 0.4096 0.2656 0.7311 1.03 X 1019 
27 0.7000 0.3032 0.2341 0.9341 1.32 X 10
19 
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